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In Brief
Direction-and velocity-selective global motion neurons in a key visual nucleus show strong preference for forward motion in all tetrapods studied until now. Gaede et al. show that hummingbirds exhibit expansion in the direction preference domain and differences in velocity tuning, compared to other avian species.
SUMMARY
Neurons in animal visual systems that respond to global optic flow exhibit selectivity for motion direction and/or velocity. The avian lentiformis mesencephali (LM), known in mammals as the nucleus of the optic tract (NOT), is a key nucleus for global motion processing [1] [2] [3] [4] . In all animals tested, it has been found that the majority of LM and NOT neurons are tuned to temporo-nasal (back-to-front) motion [4] [5] [6] [7] [8] [9] [10] [11] . Moreover, the monocular gain of the optokinetic response is higher in this direction, compared to naso-temporal (front-to-back) motion [12, 13] . Hummingbirds are sensitive to small visual perturbations while hovering, and they drift to compensate for optic flow in all directions [14] . Interestingly, the LM, but not other visual nuclei, is hypertrophied in hummingbirds relative to other birds [15] , which suggests enhanced perception of global visual motion. Using extracellular recording techniques, we found that there is a uniform distribution of preferred directions in the LM in Anna's hummingbirds, whereas zebra finch and pigeon LM populations, as in other tetrapods, show a strong bias toward temporo-nasal motion. Furthermore, LM and NOT neurons are generally classified as tuned to ''fast'' or ''slow'' motion [10, 16, 17] , and we predicted that most neurons would be tuned to slow visual motion as an adaptation for slow hovering. However, we found the opposite result: most hummingbird LM neurons are tuned to fast pattern velocities, compared to zebra finches and pigeons. Collectively, these results suggest a role in rapid responses during hovering, as well as in velocity control and collision avoidance during forward flight of hummingbirds.
RESULTS
We made extracellular recordings from the LM of hummingbirds and zebra finches while presenting large-field random dot patterns in the contralateral visual field ( Figure 1A ). LM neurons receive direct retinal input and show simple direction selectivity across large, but restricted, receptive fields. We used a random dot-field, rather than a more complex stimulus, because more complicated patterns of optic flow are processed downstream [18, 19] . LM neurons were spontaneously active and exhibited motion opponency, defined as increased firing in response to large-field stimulus motion in a ''preferred'' direction, and decreased firing in the opposite, ''anti-preferred,'' direction [4, 16, 17, 20] .
We first identified the preferred direction of LM neurons by presenting visual motion in each of eight directions, 45 apart. Each motion stimulus lasted 5 s and was bounded by 5 s pauses. Raw extracellular recordings are shown for one hummingbird cell during a full trial ( Figure 1A ) and two zebra finch cells during a portion of a trial, with higher temporal resolution ( Figure 1D ). Single units were isolated offline using amplitude or template spike sorting ( Figures 1E, 1F , and S1B; see also Supplemental Experimental Procedures).
Individual neurons were defined as directionally tuned if the response to direction was significantly non-uniform (Rayleigh test). The total sample size of directionally tuned neurons was 152 units from ten zebra finches and 88 units from six hummingbirds. Thirteen out of 165 (7.8%) zebra finch cells, and eight out of 96 (8.3%) hummingbird cells, were not direction-modulated, which is similar to the percentage of non-directional cells previously reported in pigeons [4, 21, 22] . For comparison, we also analyzed data from 100 LM units in 38 pigeons from previous studies in which moving large-field sine wave gratings were used as visual stimuli [1, 4, [23] [24] [25] . Because speed tuning width is maintained for some but not all visual motion neurons when comparing responses to sine wave gratings and random dotfields [26] , we limited our comparison with pigeon data to preferred direction and preferred speed.
Directional tuning curves are shown for one hummingbird cell ( Figure 1B ) and two zebra finch cells ( Figure 1F ). Mean firing rate is plotted as a function of the direction of motion in polar coordinates (forward = 0 , down = À90 , up = 90 , backward = ±180 ; Figure S1A ; Supplemental Experimental Procedures). An analysis of the direction tuning width is also included in the supplementary materials ( Figure S2 ).
Most zebra finch LM cells prefer temporo-nasal motion (0 in our coordinate system), as is the case for pigeons (Figure 2) . A Rayleigh test confirmed that these two distributions were nonuniform (both p < 0.0001). In contrast, most hummingbird neurons are tuned to other directions such that at the population level, the distribution of preferred directions is uniform (Rayleigh test p = 0.379). We determined confidence intervals for the population direction preference by bootstrapping the data within each species (Figures 2D-2F ). This analysis confirms overall direction preferences of LM populations for zebra finches and pigeons, but not for hummingbirds. Thus, the uniform distribution observed in hummingbird LM neurons is unique relative to zebra finches, pigeons, and indeed all other tetrapods studied to date.
We next examined LM activity in response to visual motion speed (Figure 3) . Cellular responses were measured in both preferred and anti-preferred directions over a range of speeds [4, 6, 10, 16, 17, 20, 27, 28] . Each motion sweep lasted 5 s and was bounded by 5 s pauses. Because recording sites were tested at a single pair of directions, but some measured multiple neurons with different preferred directions, we had to remove cells from further analysis. Only LM cells measured in their preferred direction ± 45 were included in the speed analysis, leading to sample sizes of 56 and 107 units in hummingbirds and zebra finches, respectively. Speed tuning curves were calculated as the mean of five trials.
The responses of neurons to visual motion speed can, in principle, be categorized by both tuning width and speed preference. We estimated the width of tuning curves for each cell by summing the number of velocity values that elicited a firing rate above a given percentage of the maximum firing rate (e.g., number of bins above 50% of max rate) versus that threshold (e.g., 50%) ( Figure 3D ). Differences between hummingbird and zebra finch cells were first tested using a linear mixed-effects model, but because we found a significant interaction between threshold and species (F 1,1465 = 107.207, p < 0.0001), we next fit a linear model to each species separately. The slope of the relationship between the numbers of speed bins above threshold and the threshold is more negative in zebra finches (À9.92; y intercept = 11.45) than in hummingbirds (À6.66; y intercept = 7.59), and the lines do not converge over the meaningful range (thresholds up to 100% of maximum firing). Thus, within the range of velocities tested, hummingbird LM cells exhibit high relative levels of response for fewer speed bins than zebra finch neurons. The distributions of the number of speed bins above 70%, 80%, and 90% thresholds, as well as bootstrapped data for the speed tuning width (number of consecutive speed bins) at 80% of maximum firing rate are presented in Figures S3A-S3D .
From the tuning curves, we also calculated the speed preference of each neuron. We first described the speed preference as a single value: the speed at which maximum firing was achieved ( Figure 3E ). The hummingbird and zebra finch data are plotted along with similar data from pigeons. It is important to reiterate that the data from our study are derived from experiments using moving dot-fields, whereas the pigeons were tested with sinusoidal gratings. In addition, the speed test values do not overlap completely. The average value for the pattern speed with the highest firing rate across the three cell populations increased from pigeons to zebra finches to hummingbirds. Despite an average preference for higher stimulus velocities, hummingbirds had a larger proportion of the relatively low number of slow cells recorded. In hummingbirds, 20% of the LM population (11 cells) prefers speeds <6 /s, but the majority, 80% of the population (45 cells), prefers speeds >6 /s. Conversely, in zebra finches, only 4% of the population (4 cells) prefers speeds <6 /s, and 96% (103 cells) prefers speeds >6 /s. However, we did not observe strong evidence for distinct populations of ''fast'' and ''slow'' LM neurons.
We next considered the overall response of the LM neuron population to increasing motion speeds. When accounting for neurons responding at near-maximal levels for multiple motion speeds, the LM responses of both hummingbirds and zebra finches appear to saturate over the range of speeds tested, and we did not measure a subsequent decline. The saturating . PCA cluster analysis for these two cells is provided in Figure S1B . (F) Polar plots for the direction-modulated response for each cell in (D). Red and blue lines are means ± SE; gray denotes spontaneous activity. Direction tuning width analysis is provided in Figure S2 .
response is illustrated in Figure 3F , which depicts the data for neurons responding with at least 80% of their maximum firing rate. Figures S3E and S3F provide the data for 70% and 90% of maximum firing. We fit sigmoidal curves to the hummingbird and zebra finch LM population responses to increasing speeds, allowing slope or inflection point parameters to vary by cell. A notable feature of the speed tuning curves was a difference in the extent of overall excitation and suppression between zebra finch and hummingbird LM neurons (examples in Figure S4 ). To determine whether this difference was significant, we quantified the level of excitation and suppression as the area under each of the two speed tuning curves (one for each direction) for each unit. Plotting the area under the antipreferred direction tuning curve versus the area of the preferred direction curve leads to three plausible options for how relative firing rate of a neuron can encode visual motion preference. Values greater than zero indicate overall excitation, whereas negative values indicate overall suppression. Thus, the lower right quadrant of Figure 4A includes LM cells that were excited in the preferred direction and suppressed in the anti-preferred direction relative to the spontaneous firing rate. An example of a zebra finch neuron with these firing characteristics is provided in Figure 4C . The upper right quadrant contains cells that were excited in both directions, and an example cell from a zebra finch is depicted in Figure 4B . The lower left quadrant contains cells that were suppressed in both directions, and an example cell from a hummingbird is provided in Figure 4D . The upper left quadrant contains no cells by definition because the preferred direction is defined by higher relative firing.
At the population level, while still overlapping, hummingbird and zebra finch LM neurons are shifted apart along the suppression-excitation axes ( Figure 4A (E and F) Speed preferences of LM neurons are plotted using two different criteria: (E) the proportion of the LM population for each species that reaches maximal firing at a given stimulus velocity (a single value for each cell); (F) the proportion of the LM cells that have a firing rate above 80% of their maximum firing rate at each stimulus velocity. Figure S3 provides supplemental visualizations of velocity tuning width analysis and speed preference plots showing the proportion of the LM population responding at additional percentages of the maximum firing rate. [14] . This strong response to global motion direction was not matched with a tuned response to changes in stimulus pattern speed, though only a few pattern speeds were tested [14] . Heightened sensitivity, during hovering flight, to direction rather than velocity suggests that hummingbirds have neural specializations to detect global motion direction stimuli. The LM is a pretectal nucleus and one of two midbrain nuclei associated with the accessory optic system (AOS) that process global motion direction and velocity. The LM is hypertrophied in hummingbirds and enlarged, but to a lesser extent, in transiently hovering species [15] . This enlargement may represent a neural specialization related to hovering flight. Iwaniuk and Wylie proposed that a greater relative number of LM neurons preferring slow speeds could aid stabilization during hovering [15] . The goals of the present study were to test this hypothesis and also determine whether the direction preferences of the hummingbird LM conform to the tetrapod pattern.
Previous studies with tetrapods have demonstrated that the direction preferences of LM neurons, or neurons in the homologous NOT, are biased toward temporo-nasal motion. For example, a [
14 C]2-deoxyglucose study in chicks has shown increased glucose uptake in LM cells during motion in the temporo-nasal direction [3] . Furthermore, in pigeons, 53% of recorded LM cells preferred forward (temporo-nasal) motion, whereas the remaining cell preferences were distributed among backward, downward, and upward motion [4] . This bias is consistent with other pigeon LM data [10, 20, 29] and across other tetrapod species, including chicks [3] , turtles [30] , frogs [31, 32] , salamanders [33] , wallabies [7] , rabbits [34] , and cats [6] . It is less clear whether this holds for optic-flow-sensitive neurons in the pretectum of fish, which do not show the same bias for temporo-nasal motion observed in the tetrapod LM or NOT [35] [36] [37] [38] . The current study demonstrates that hummingbird LM neurons deviate strongly from the tetrapod pattern by having no directional bias at the population level ( Figure 2 ). LM neurons are further characterized as being selective for velocity, with a preference for either ''slow'' or ''fast'' speeds [10] , and as exhibiting a correlation between temporo-nasal direction preference and slow speed preference [4, 17] . Using large-field grating patterns in pigeons, fast cells prefer low spatial frequencies (SFs) and high temporal frequencies (TFs), whereas slow cells prefer high SFs and low TFs [1, 4, 16] . Other previous studies, which used random dot-fields in pigeons, classified 82% of measured LM cells as ''fast'' (>6 /s) and 18% as ''slow'' (<6 /s) [17] . If we apply this threshold (6 /s), we find that 20% of hummingbird LM neurons are ''slow'' cells, while only 4% of zebra finch LM neurons had maximal firing at a slow velocity. Compared to zebra finches, we found that hummingbird LM neurons are more selective for a preferred speed over the range of velocities we tested and prefer faster visual motion (Figure 3) . Although the percentage of ''slow'' cells based on a 6
/s threshold is similar in hummingbirds and pigeons, we did not observe a clear distinction between fast and slow LM neuron populations in either zebra finches or hummingbirds. Moreover, when previously published pigeon data are presented in the same manner ( Figure 3E ), there is no obvious bimodal distribution for this species either. This is likely due to spatiotemporal, rather than velocity, tuning [4] .
The LM has a reciprocal relationship with the nucleus of the basal optic root (nBOR) of the AOS; both are retinal-recipient midbrain nuclei and project to each other. Unlike the population-level preference for temporo-nasal motion observed in the pigeon and zebra finch LM (Figure 2 ), studies in pigeons show that nBOR neurons prefer upward, downward, and naso-temporal motion, with very few cells ($5%-10%) preferring temporo-nasal motion [1, 39] . Similar direction-preference distributions have been shown in the nBOR of turtles [40] and chickens [41] . Furthermore, the nBOR is homologous to the mammalian medial and lateral terminal nuclei of the AOS [5, 8, 42] , which contain direction-sensitive neurons that respond best to vertical motion [43] [44] [45] . In mammals, the AOS also contains the dorsal terminal nuclei, which have cells that respond preferentially to horizontal motion [45, 46] . The complementary LM-nBOR relationship is further demonstrated by their responses to global motion direction; the LM receives inhibitory inputs from slow nBOR cells that prefer motion of the opposite direction.
Compared to zebra finches, hummingbird LM neurons are more suppressed by motion in the anti-preferred direction and less excited by motion in the preferred direction (Figure 4) . The strong inhibition of hummingbird LM neurons by motion in the anti-preferred direction ( Figure 4A ) could be attributed to an nBOR-mediated mechanism that drives speed tuning (i.e., disinhibition of nBOR). The expansion of the direction preference distribution that we found in the hummingbird LM suggests that the complementary relationship observed in pigeons between the LM and nBOR is not apparent, or may not function in the same way, in hummingbirds.
The ability to sustain hovering flight in hummingbirds is unique among vertebrates. The motion preferences and firing properties of LM neurons are also distinct from all other tetrapods in several respects, which supports the hypothesis that hummingbirds have neural specializations for flight mode [15] . The uniform distribution of direction preferences in the hummingbird LM is unique among all tetrapods studied to date and, in combination with their preference for faster speeds, suggests heightened sensitivity to global motion at high speeds. Such sensitivity could be beneficial during hovering when birds are close to visual features that will produce high global motion velocity in response to even small changes in position. This specialization may also play a role in more dynamic behaviors such as competitive interactions, high-speed courtship displays, and insect foraging [47] [48] [49] . Testing this hypothesis will require moving to visual stimuli relevant to more complex flight modes [50] and in higher-order brain centers [11, 51] .
EXPERIMENTAL PROCEDURES
We used standard extracellular recording techniques to study the LM of anesthetized birds while presenting a computer-generated moving dot-field to the contralateral eye ( Figures 1A, 1C, and 3A) . 
